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Abstract Theinfluence of laparoscopiccholecystectomy (LC) onthemechanicalproperties oftherespiratory system
(RS) was examinedusingmultipleregression analysis (MRA).Measurements of airwaypressure (PaO) and flow (V0) were
obtained from 32 patients at four distinct stages of the LCprocedure:1) Immediately before the application of pneumo-
peritoneum (PP) at supineposition, 2) 5minafter theinductionof PPat Trendelenburgposition,3) 5minafter thepatient’s
position at reverseTrendelenburg, and 4) 5min after the end of the surgical procedure with the patient again in supine
position.Evaluatedparameterswerethe RS elastance (Ers), resistance (Rrs), impedance (Zrs), the anglej indicating the
balance between the elastic and resistive components of the impedance, as well as the end-expiratory elastic recoil
pressure (EEP). Ers and Zrs increased considerably during PP and remained elevated immediately after abolishing PP.
Rrs, onthe contrary, returnedtopre-operativelevelsright after theoperation.Changeof bodypositionfromTrendelen-
burg (T) toreverseTrendelenburg (rT)mainlyinduceda significantchangeinj, thusindicatinganincreaseddominanceof
the elastic component of Zrs on changing fromT to rT.There was no evidence of increased End-Expiratory Pressure
during PP.r2002 Elsevier Science Ltd
doi:10.1053/rmed.2001.1264, available online at http://www.idealibrary.comon
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Laparoscopic surgical technique became the method of
choice for cholecystectomies during the last decade in
most countries.Compared with the open technique, la-
paroscopic cholecystectomy (LC) presents two most
bene¢cial aspects: a shorter hospital stay (1) (24h in our
study) and a more rapid recovery with a return to nor-
mal activity within 65^128 days (2,3).Consequently the
hospital costs for LC are considerably less than for tradi-
tional cholecystectomy.
The in£uence of laparoscopy on respiratory system
function has been studied during the operation as well
as in the early post-operative period (4^6).The substan-
tial increase in intra-abdominal pressure during laparo-
scopic cholecystectomy has been shown to lead to a
signi¢cant decrease in thoracic and/or lung compliance
compared with the preoperative values (7). LC also
a¡ectsrespiratory system (RS) resistance (Rrs), howeverReceived 2 November 2001and accepted14 November 2001.
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lined the signi¢cance of the body position (Trendelen-
burg or reverse-Trendelenburg) on changes in RS
elastance (Ers) (9^11) whereas others suggest that
changes in Ers are actually independent of body posture
(12,13) during LC.
Another clinically important feature is the timing of
normalization of the respiratory mechanics postopera-
tively. Some studies have indicated that Ers and/or Rrs
are normalized immediately after LC (8), whereas others
suggest a prolonged e¡ect, especially on Ers (14,15).
The end-inspiratory pause technique has been used
for the evaluation of the respiratory mechanics during
LC in most of the published studies (4,16,17).Multiple re-
gression analysis (MRA) applied to the analysis of concur-
rentmeasurements of £ow andpressure is an alternative
methodology for this purpose (8). Itsmajor advantage is
its applicability with any mode of applied mechanical
ventilation, without any intervention of the respiratory
circuit or the regulations of the ventilation (10).
In the present study we examined the changes of re-
spiratorymechanics with the aid of MRA at four distinct
stages of the LC procedure. 1) immediately before the
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tion, 2) 5min after the induction of PP at Trendelenburg
position, 3) 5min after the patient’s position is turned to
reverseTrendelenburg, and 4) 5min after the end of the
surgical procedure with the patient again in supine posi-
tion. It was our purpose to elucidate.1) the importance
of the body position, 2) the timing of normalization of
the respiratorymechanics, 3) the e¡ect of body position
for development of intrinsic Positive End-Expiratory
Pressure (PEEPi), and 4) the in£uence of body position
on the linear behaviour of the RS.
PATIENTSANDMETHODS
Thirty-two patients,10 men and 22 women, mean age of
529 years (range 18^78), mean body weight 775kg
(range 54^115), mean height 1649 cm (range 152^180),
undergoing elective laparoscopic cholecystectomy were
included in the study.The ASA (American Society of An-
esthesiologists classi¢cation system for assessing pre-
operative physical status) was I in 14 patients and II in 18
patients. The average operating time was 52718min
(7SD); the mean (7SD) duration of anesthesia was
56730min.The studyhadbeen approvedby the local in-
stitutional Ethics Committee and informedwritten con-
sent was obtained from each patient.
Oral diazepam 02mgkg1on the morning of surgery
and Atropine 05mg IM half an hour before the opera-
tion were used as premedication for all the patients. In-
duction of anesthesia was performed with propofol
2mgkg1 and fentanyl 4mgkg1, whereas tracheal intu-
bation, using a 75^85mm inner diameter endotracheal
tube, was facilitatedby rocuronium 08mgkg1. A naso-
gastric tube was inserted to remove secretions and air
from the stomach. Anaesthesia was maintained with
continuous propofol infusion 015mgkg1min1. Analge-
sia was ensured by administration of Fentanyl as needed
and Rocuronium was given for muscular relaxation,
when the train of four ratio (the force of the ¢rst twitch
divided by the force of the fourth), evaluated by stimula-
tion at 2Hz from a transcutaneous neurostimulator, ex-
ceeded 75%. Mechanical ventilation of the patients was
maintained by a servo-ventilator (Engstr˛m eas 9010)
using a closed non-rebreathing anaesthetic circuit incor-
porating a carbon dioxide absorber, from which a 50%
air^ oxygen mixture was delivered. Tidal volume (VT)
was set at 8mlkg1 while the respiratory rate was ad-
justed to maintain preoperative levels of PaCO2 with
continuous monitoring of PETCO2. The I:E ratio was
maintained at 1:2 without appliance of end-expiratory
pressure (PEEP).
Monitoring techniques included electrocardiogram,
peripheral non-invasive pulse oxymetry for arterial oxy-
gen saturation (SpO2) measurement, sphygmoman-
ometer type Dynamap Criticon for N.I.B.P. measure-ment, naso-pharyngeal probe for body temperature
measurements, cannulation of radial artery for blood
gas analysis using an infrared spectrometer (type ABL
300, Radiometer, Copenhagen, Denmark), which was
auto-calibrated every hour. Arterial blood samples were
obtained four times during operation: after induction, in
Trendelenburg and reverseTrendelenburg positions and
after extraction of laparoscopic cannulas; the samples
were analysed for pH, PaCO2, PaO2, and SaO2.The PET-
CO2 was monitored in breath-to-breath mode with the
aid of the in-line monitor Cardiocap (Datex Instrumen-
tarium Corp., Helsinki, Finland). Body temperature was
maintained constant (36^371C) using an air-blanket con-
nected to awarm-air generator.The temperature of the
operating room was also maintained constant at 23^
251C.
After induction of anaesthesia, andwith the patient in
supine position, carbon dioxide was insu¥ated by a CO2
insu¥ator (Olympus-Walz Electronic Gmb HD-7271)
through aVerres needle inserted into the abdominal cav-
ity at the level of the umbilicus.When the intra-abdom-
inal pressure, measured simultaneously with insu¥ation
by a manometer attached to theVerres needle, achieved
a value of 12^14mmHg, delivery of CO2 was stopped.
Thatpressurewasmaintainedconstantduring operation
by computerized control of the continuous CO2 £ow.
Airway pressure (Pao) was measured with a pressure
transducer ( Jaeger) applied to the airway circuit at the
distal extremity of endotracheal tube and £ow (V’) with
a Lilly-type pneumotachograph (Jaeger) in series with
the pressure transducer (Fig. 1). Both transducers were
matched for amplitude andphase up to15 Hz.Thewhole
sensory system introduced minimal changes to the cir-
cuit dead space (o25ml).Timed Pao and V’ signals were
immediately visualized on a PC monitor and digitally
transported to the hard disk of a PC with the aid of an
analogue-to-digital converter (ADC, Jaeger, 2 channels)
at a sampling frequency of 100Hz. Pao and V’ data were
stored as ASCII ¢les for subsequent o¡-line analysis.The
driving pressure signal (PaO) was not corrected for the
pressure drop along the Endotracheal Tube (ET).
Four measurements, each including 5^7 respiratory
cycles, were done: 1) after induction of anesthesia and
muscle relaxation, 5min before the application of PP
andwith the patient in the supine position: 2) 5min after
the insu¥ation of CO2 at Trendelenburg position 151
head-down tilt; 3) 5min after the second measurement
in reverseTrendelenburg position 101 head-up tilt com-
bined with a left side down lateral tilt of 101; and 4)
5min after the CO2 de£ation with the patient again in
the supine position.
A specially developed software inTurbo-Pascal v. 70
for DOSwas used for the data analysis.The volume (V)
was calculatedbynumerical integration of theV 0(t) signal
after correction for volume drift (18). Then data were
analysed on a cycle-per-cycle basis according to the
FIG. 1. Schematic representation of Pao and V0recording systemduring LC.
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PaO ¼ EEPþ Ers  Vþ Rrs  V0 ð1Þ
Where Ers and Rrs represent the RS elastance andresis-
tance, respectively, and EEP the elastic recoil pressure at
the end of the expiration, giving an indirect measure of
any intrinsically developed positive end-expiratory pres-
sure (PEEPi) sinceno external PEEPwas applied.The suit-
ability of the appliedmodel (1) to the datawas estimated
by calculation of the root mean square di¡erence
(RMSD) of the predicted minus the actually measured
PaO. The obtained values of Ers, Rrs, EEP, and RMDS
were averaged for every record, since inter-cycle varia-
tions were always less than 3% for all coe⁄cients.
Subsequently, integrating Ers andRrs into one expres-
sion, the impedance of the RS (Zrs) and the angle j,
which indicates the balance between the elastic and re-
sistive components of the impedance, were calculated,
based on the measured/calculated values for Ers and
Rrs according to the equations
Zrs ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Rrs2 þ ð Ers=ð2    f ÞÞ2
q
ð2Þ
’¼ tan1ð ðErsð2    f ÞÞRrsÞ ð3Þ
where f is the breathing frequency in Hz.
Statistics
Comparisons respiratory mechanics between the four
measurements were performed with Friedman’s non-parametric analogy of a one-way ANOVA.When Fried-
man’s test was signi¢cant for a given parameter, addi-
tional within-subjects comparisons between
measurements were done with Wilcoxon’s non-para-
metric test. Subgroups of patients were compared with
Mann^Whitney’s non-parametric test. Correlations
were evaluated by Spearman’s non-parametric correla-
tion analysis. The signi¢cance level was set at 5% with
Bonferroni’s correction for multiple comparisons when
appropriate. Stated P-values are two-sided.
RESULTS
Results concerning the respiratory mechanics are pre-
sented inTable1.
Elastance
Respiratory system elastance was signi¢cantly higher in
all three subsequent measurements in comparison with
the ¢rst (pre-operative) measurement (Po00001
for all three comparisons). Ers thus remained elevated
even at the fourth (post-operative) measurement.
Ers was also signi¢cantly higher at the second and the
thirdmeasurements in comparisonwith the fourthmea-
surement (Po00001 for both), whereas the second and
the thirdmeasurements Ers values had no signi¢cant dif-
ference.
TABLE 1. Meanvalues7SD forelastance (Ers), resistance (Rrs). impedance (Zrs). anglej, end-expiratorypressure (EEP), and
RMSDofthe respiratory systemaccording to linearmodeling in fourdistinct phases of laparoscopic cholecystectomy
Measrements Ers (hPa L1) Rrs (hPa L1s1) Zrs (hPa L1s1) j (rad) EEP (hPa) RMSD (hPa)
First pre-operative (supine) 173741 118733 176742 083701,2 23708 11705
Second (Trendelenburg) 28677512 15876212 27377812 09570141 19709 177081,2
Third (reverse-Trendelenburg) 29977612 14775912 27277712 10070131 21710 177071,2
Fourth post-operative (supine) 2147491 108724 1957431 09770111 21709 107031
Friedman’s test Po00001 Po00001 Po00001 Po00001 N.S. Po00001
1Signi¢cantlydi¡erent from1stmeasurement (Wilcoxon’s), 2Signi¢cantlydi¡erent from 4thmeasurement (Wilcoxon’s).
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Respiratory system resistance was signi¢cantly in-
creased at the second and the third measurement in
comparison with the pre-operative measurement
(Po00001 for both the second and the third measure-
ment) while the fourth (post-operative) measurement
of Rrswas not signi¢cantly di¡erent from thepre-opera-
tive measurement. Rrs was slightly lower at the third
measurement in comparison with the second measure-
ment (Po002).
Even though themeanvalues for Ers and Rrs followed
approximately the same pattern of elevated values dur-
ing PP, there were only weak correlations between cor-
responding changes in Ers and Rrs relative to the pre-
operative values. Only with regard to their respective
di¡erences between the ¢rst and second measurement
was there a possible signi¢cant correlation (rs=044 for
D-Ers2^1vs. D-Rrs2^1, Po005).
Impedance
Respiratory system impedancewas signi¢cantly higher in
all three subsequent measurements in comparison with
the ¢rst (pre-operative) measurement (Po000001 for
the second and third measurements, Po0001 for the
fourth measurement). Zrs was also signi¢cantly higher
at the second and the thirdmeasurements in comparison
with the fourth measurement (Po000001 for both),
whereas the di¡erence between the second and the
thirdmeasurements’ Zrs values was not signi¢cant.
Angle j
The angle j was signi¢cantly more negative in all three
subsequent measurements in comparison with the ¢rst
(pre-operative) measurement (Po00001for the second
measurement, Po00001 for the third and fourth mea-
surements). j was also signi¢cantly more negative at
the third measurement in comparison with the second
(Po0001), whereas the di¡erences between the second
and the fourth and between the third and the fourth
measurementwere not signi¢cant.End-expiratory pressure
EEP did not di¡er signi¢cantly between the four mea-
surements.
RMSD
RMSD was signi¢cantly higher at the second and the
third measurements in comparison with the pre-opera-
tive RMSD (Po00001 for both) and with the post-
operative RMSD (Po000001 for both). There was no
signi¢cant di¡erence between the pre- and postopera-
tive RMSDs or between the second and the third
RMSDs.
There was a marked positive correlation between
pre-operative values of Rrs and RMSD (rs=077,
Po00001). There was, likewise, a signi¢cant positive
correlation between change in Rrs from the ¢rst to the
second measurement and the corresponding change in
RMSD (rs=062 for D-Rrs2-1 vs. D-RMSD2-1, Po0001).
Pre-operative RMSD was also signi¢cantly correlated to
the pre-operative values of Zrs, however to a lesser ex-
tent (rs=068, Po0001), while it was not with certainty
(in consideration of the Bonferroni correction) signi¢-
cantly correlated with pre-operative values of Ers
(rs=048, Po001) and j (rs=046, Po001).
ASA score
There were no signi¢cant di¡erences between patients
with ASA score II and I for any of the measured para-
meters of respiratorymechanics.
DISCUSSION
The results of the present study, in which we have ap-
plied MRA for the analysis of respiratory mechanics,
con¢rm previous ¢ndings suggestions that LC is accom-
panied by substantial changes in respiratory mechanics
during the two main phases of the operation, where
the patient is placed inTrendelenburg and reverse-Tren-
delenburg position. The changes found in the present
study were characterized by signi¢cant increases in the
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tion with pneumoperitoneum. In this respect, our ¢nd-
ings are in accordance with those of Pelosi et al. (16) and
Kendall et al. (19). Furthermore we found that the re-
spiratory system impedance likewise increased during
LC and that the angle j (indicating the balance between
the elastic and resistive components of the impedance)
turned towards more negative values, thus indicating an
increased importance of the elastance for the overall re-
spiratory system impedance.
Previous studies have found thatmodi¢cation of body
position alone (supine toTrendelenburg or reverseTren-
delenburg) during anesthesia and muscle relaxation may
induce some changes in respiratorymechanics (10,20,21).
However, such changes have in most studies been found
to be of minimal magnitude (11^13,22). In the current
study we only found slight changes in Rrs and j in asso-
ciationwith the change in body position fromTrendelen-
burg to reverse Trendelenburg, whereas the other
parameters of respiratory system mechanics, including
the end-expiratory pressure and the RMSD (as indicator
of the linearity of the RSmechanics), did not change sig-
ni¢cantly between the two positions. Strictly speaking
we can not, based on the current study alone, say
whether the changes in Rrs and j actually were due to
the change in body position or just a result of the time
passed between the two measurements. However, seen
in conjunction with previous studies we ¢nd it justi¢able
to attribute the observed changes in RS mechanics to
the change in body position. Our ¢ndings of no change
in Ers in association with changes in body position from
Trendelenburg to reverse Trendelenburg are in agree-
ment with those of Kendall et al. (19) and Bardoczky et
al. (23) but not with those of Fahy et al. (10). The latter
found Ers to be increased in Trendelenburg position in
comparison with supine position. However, in contrast
to the current study were their measurements done on
anesthetized patients before the introduction of PP and
with di¡erent tidal volumes. In another study (20) the
same authors found Ers to be less increased in reverse-
Trendelenburg position than in head-down position,
when patient was insu¥ated to an abdominal pressure
of15mmHg.
With regard to the timing of normalization of respira-
torymechanisms, we found the resistance to be normal-
ized immediately after the abolishmentof PPwhile there
seemed to be a time lag before normalization of the ela-
stance. As a consequence of thenon-normalizedErs, Zrs
andj also exhibited a time lag. Some of theprevious stu-
dies have found Ers to return to preoperative levels right
after the removal of PP (24), while others have been in
accordance with the current ¢ndings (23). For instance,
Pelosi et al. (16) in their study also found a signi¢cant re-
duction in static compliance for the total respiratory sys-
tem during LC with an intra-abdominal pressure of
10mmHg.However, they did, in contrast to the currentresults, ¢nd complete recovery of the compliance after
the operation.With regard to the RS resistance, the re-
sults of the two studies were similar.The study by MRki-
nen et al. (24) also, in contrast to our results, reported a
complete recovery of total RS compliance. However,
even though we positioned the patient at the same de-
gree of reverse-Trendelenburg, the duration of opera-
tion and times of measurements were di¡erent, which
may have in£uenced the results.On the other hand, the
results of Bardoczky et al. (23) appear to be in accor-
dance with our ¢ndings, showing that the position did
not in£uence the degree of decrease in compliance, even
though theirmeasurements were performed in horizon-
tal and head-down position.
Theprimereason for the observed changes in respira-
torymechanics in patients undergoing LC is the substan-
tial increase in abdominal pressure in associationwith PP
(7,20,23,24).The positive abdominal pressure pushes the
diaphragm towards the thoracic cavity and, in e¡ect,
makes the diaphragm more rigid.This will contribute to
an increased elastance for thewhole respiratory system
and to a decreased functional residual capacity (FRC). A
rigid diaphragm during LC may also be the reason for a
continuouslyF however to a lesser extentF increased
Ers measured just after abolishing PP as it might induce
microatelectasis in the lower parts of the lungs. The
studyby Pelosietal. (16)mayelucidate the relative impor-
tance of a reduced FRC vs. a sti¡ened chest wall for the
increased Ers during PP. Static compliance andresistance
were measured in that study with the end-inspiratory
occlusion method, an esophageal balloon and FRC with
helium dilution, which made it possible to calculate the
speci¢c compliance and to divide the compliance and
the resistance into a chest wall and a lung component.
They found lung and chest wall compliances, as well as
the speci¢c compliance, to be reduced and to recover
again approximately in parallel, thus indicating that the
increased Ers during PP is caused partly by a sti¡ened
lower chest wall and partly by mechanisms within the
lung other than a reduced FRC.
Changes in Ers are, on the other hand, linked to
changes in Rrs (25) because the resulting lower lung vo-
lumemaybe expected to increase the Rrs, as the airway
component of Rrs is inversely related to changes in lung
volume, (16).The fully normalized Rrs right after abolish-
ing PP would, however, seem to indicate a rapid re-
establishment of lung volume, (8).
We decided to calculate RS impedance as an integra-
tion of Ers and Rrs into a single expression to evaluate
the in£uence of PP as an overall impeding factor of the
respiration. Zrs did indeed increase during PP, which is
rather expected since both its elastic and resistive com-
ponents were found to increase. An increased Zrs was
present even at the end of the operation, although to a
lesser degree, re£ecting the still increased Ers at this
time.The angle j was also found to turn towards more
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operatively, without evidence of change from the second
and third measurements. This indicates an increased
dominance of the elastic component of the impedance
not only during PP but also in the immediate postopera-
tive period.The predominance of the elastic component
did also increase somewhat from second to third mea-
surement, that is fromTrendelenburg to reverse-Trende-
lenburg.
Measurements of respiratory mechanics during me-
chanical ventilation are often calculated after subtrac-
tion of the endotracheal (ET) resistive component from
thewhole driving pressure.However, although the ET is
recognized as an important site for the calculated resis-
tance, in the clinical situation the RS and the ET behave
as a functionalwhole.For the current study, inwhichwe
have focused on the within-subject changes and have
kept the mode of ventilation constant, inclusion or not
of the resistance of the ETwould not have in£uenced
the comparisons regarding Rrs.
Despite the signi¢cant changes in Ers, Rrs and, Zrs
during LC, EEP was found rather constant in all four
phases of the surgical procedure. One might have ex-
pected development of increased PEEPi during PP as a
result of the induced mechanical inhomogenities. The
settings of the mechanical ventilation applied in our pa-
tients, especially theTI:TE set at 1:2 and the rather low
breathing frequency (C12 breaths min1) will facilitate
RS emptying during passive expiration, despite an in-
crease of RS resistance and impedance. Furthermore,
we should note that, despite the alterations of respira-
tory mechanics during LC, oxygenation and PETCO2 ac-
tually remained unaltered during the whole surgical
procedure, thus indicating an equal e¡ectiveness of ven-
tilation, at least under the present settings.Neither was
it found necessary to change the settings of ventilation
(VT, freq.) during LC.
RMSD indicates the suitability of the applied linear
model and, consequently the accuracy of the calculated
mechanical coe⁄cients. Although some of our patients
were characterized as ASA II, therewas no di¡erence in
RMSD between these and the patients with ASA I.
Neither was there any di¡erence between the two sub-
groups of patients with regard to the increase in RMSD
from the preoperative measurement to the second and
third measurements. However, the increase in RMSD
during the main period of LC suggests that not only did
PP induce a substantial increase in Ers and Rrs, but that
therewas also some deviation from a linear behaviour of
the total RS. It is possible thatother non-linearmodels of
the RSwouldreveal dependencies of elastance and/or re-
sistance on the physical quantities of the applied me-
chanical ventilation (V and/or V0 ). The fact that
preoperative RMSD as well as the relative increase in
RMSD during PP was signi¢cantly positively correlated
to Rrs, the resistance of the respiratory system, may in-dicate that the deviation from linearity is mainly related
to the £ow component of themodel.
The majority of studies previously performed to eval-
uate respiratory mechanics during laparoscopic chole-
cystectomy have been accomplished with the aid of the
end-inspiratory pause technique (16,17).This method re-
quires a speci¢c mode of ventilation and, of course, an
adequate duration of the pause in order to reach a real
plateau. However, this may not always be achievable,
especially in patients with respiratory disorders, e.g.
COPD, where the necessary pause duration for accurate
calculations of Ers andRrswouldmismatchwith the pre-
ferred settings of the controlled ventilatory support.
MRA o¡ers an alternative approach to the analysis of re-
spiratorymechanics, applicablewith anymode ofventila-
tion, without any intervention on the ventilatory
settings, allows simultaneous estimations of Ers, Rrs
and EEP andonewhosemeasured/calculatedparameters
aremore representative for thewhole respiratory cycle
(26).
In conclusion thepresent study con¢rmed that, during
LC and PP signi¢cant changes of RS mechanics occur,
especially with regard to RS elastance, but without evi-
dence of changes due to changed body position. The
changes in Ers and Zrs were not completely abolished
immediately after removal of the mechanical factor re-
sponsible, the PP. In contrast, and despite the consider-
able changes in other aspects of the RS mechanics, was
there no evidence of development of increased PEEPi
during the operation. Analysis of RMSD indicated devia-
tion from linear behaviour of the RS mechanics during
LC, which may suggest that non-linear modelingmay be
required for accuratemodeling of the RSmechanics dur-
ing LC.
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